Abstract-The More Electric Aircraft (MEA) engine, with electrical machines on both HP and LP shafts, makes it possible to transfer power electrically from one spool to another. Preliminary results have shown considerable improvement in turbofan performance in terms of fuel consumption, engine stability and compatible thrust with flight mission. In order to prove the concept of power exchange between shafts, it is essential to design a subscale system to emulate the more electric engine (MEE). This paper describes the layout of the experimental system to emulate the MEE to study the idea of power exchange between shafts through a single dc bus architecture.
I. INTRODUCTION
The concept of the More Electric Aircraft (MEA) has resulted in introduction of various new technologies via advancements of on-board electrification. Successful achievement of these innovative ideas will results in further reduction of aircraft weight, equipment volume, overall fuel burn and improved efficiency of aircraft systems, hence less environmental impact and greener aviation.
One of the main areas of the research for the MEA is mounting a generator on the Low Pressure (LP) shaft in addition to the starter/generator mounted on the High Pressure (HP) shaft of the engine [1] .
Given that there are electrical machines on both LP and HP shafts, the authors of this paper have introduced the idea of power exchange between shafts in a single dc bus architecture in [2] . In this architecture, the electrical machines are connected to a single dc bus through bidirectional convertors which helps bidirectional transfer of power between the LP and HP shafts. The direction of power circulation, depending on flight mission and optimum performance operation of the engine, can be either from the LP shaft to the HP shaft, or from the HP shaft to the LP shaft or power sharing between the LP and HP shafts for the Electric Power System (EPS) of the aircraft. Preliminary results in [2] show great benefits in terms of fuel consumption, engine stability and compatible thrust with flight mission at various flight scenarios.
At the initial stage, in order to prove the concept and demonstrate the practicality of this idea, it is essential to design a subscale system to emulate the More Electric Engine (MEE). The engine emulator would enable better understanding and preliminary analysis of the idea of power circulation between shafts. Accordingly, it can closely resemble the overall electrical energy generation system under various operating conditions experimentally without the need to operate the real engine. Therefore, aspects such as electric machine and power converter topologies, electric power quality, effect of fault scenarios on the performance of the new architecture, regeneration management, as well as the overall system safety, reliability and availability will be thoroughly investigated.
Such an integrated power center suggest optimized operation according to the Engine Operation Mode (EOM) with simultaneous minimization of overall weight and volume, increasing the overall system efficiency, as well as improving its reliability and maintainability.
In the literature, aero-derivative gas turbine engine emulation has been widely implemented in the Hardware in the Loop (HIL) environment [3] [4] [5] [6] . HIL simulation provides the ability to study the system in a safe and controlled fashion [7] .
In this paper, an HIL simulation framework is developed for the power system of the aircraft. This will consider the engine as a part of the overall electrical energy generation system, together with the driven generators, one from the LP shaft and another one from the HP shaft, and the power electronic convertors for controlling the power circulation.
For this purpose, a twin spool turbofan real-time model is run by the dSPACE control system used for the Hardware in the Loop (HIL) implementation. The engine's HP and LP shaft speed set-points, generated by dSPACE, are sent to two induction motor drives to mimic the speed-torque characteristic of the turbofan shafts. The drives are mechanically coupled with the engine LP and HP electrical machines. Power can be transferred between engine shafts through the DC bus.
The amount of power required to be transferred to achieve some benefits on the engine performance is 500 kW [2] . While the emulator shaft power is designed to be 50 kW. For this reason the emulator rig data are scaled up in order to communicate with the dSPACE, implementing similarity analysis. The paper is organized as follows: Section II gives a brief introduction to the idea of electrical power transfer between engine shafts. Section III describes the emulation system. In Section IV, the theory of similarity is exemplified. Section V presents the engine model and its control system used for the emulator and Section VI concludes the paper.
II. ELECTRIC POWER TRANSFER BETWEEN SHAFTS
The LP and HP shafts of the engine are not connected mechanically, however their speeds are thermodynamically coupled which imposes certain operational constraints specifically at engine low speed settings. For this reason, there will be a great interest in controllable power transfer between shafts to relatively decouple shaft speeds and improve engine performance. MEA can provide this possibility by the electrical machines connected to both LP and HP shafts. A well-known architecture for the MEA power system is the single dc bus architecture, widely elaborated in the literature [8] [9] [10] within which the machine outputs are connected to the dc bus through bidirectional convertors, as shown in Fig. 1 . This provides the opportunity to circulate dynamically controllable power between shafts through the electrical machines. The power circulation between shafts can simply be expressed as below:
(1) where ܶ ாு and ܶ ா are the torques of the electrical machines connected to the HP and LP shafts with the corresponding speeds of ߱ ு and ω . ܲ ாௌ is the electrical load power on the dc bus and ܲ ௦௦ is the power loss of the system.
III. GAS TURBINE ENGINE EMULATION SYSTEM
To investigate the power transfer effect between the HP and LP shafts on the aircraft engine performance, the aircraft engine emulator system is constructed. The block diagram of the emulator system is shown in Fig. 2 and it comprises of two Oswald induction machines with two front-end drives of 40 kW and a dSPACE Rapid Control Prototyping (RCP) system. The system can deliver peak power of 50 kW per shaft. The drives control the induction machines to mimic the HP and LP engine characteristics for wide speed range from 10000 to 20000rpm. On the emulator test bed, as illustrated in Fig. 3 , a Permanent Magnet Synchronous Machine (PMSM) and a SwitchedReluctance Machine (SRM) connected to the LP and HP shafts' drives respectively. The outputs of both machines are connected to the aircraft DC power system through bidirectional power convertors. The dSPACE control platform is used for the implementation and online simulation of the complex nonlinear aircraft engine model. The engine model in simulink is automatically downloaded into the dSPACE to be calculated in real time. The engine model receives torque measurements from both shafts and produces the speed references to the emulator drive system. The drives have their own fast speed control loop to guarantee excellent tracking of the reference speed provided by the dSPACE system. 
IV. SIMILARITY ANALYSIS
For the studied real engine in [2] , the amount of power transfer between shafts was around 500 kW. However, the nominal power of electrical machine for the designed emulator is 50 kW. In this case either the engine model or the electrical system should be scaled to make the emulation compatible with the real system performance. Due to the complexity of the engine model, the electrical power system is scaled using similarity rules in [11] . To exemplify, the PMM is scaled as explained below. The dynamic equations for PMM machines in dq frame are:
where: ‫ݒ‬ ௗ , ‫ݒ‬ , ݅ ௗ and ݅ are the d and q-axis voltage and current components and the positive current is the current following into the machine. ܴ ௦ , ‫ܮ‬ ௗ and ‫ܮ‬ are the stator resistance and inductances, ߱ is the mechanical rotor speed, ‫‬ is the number of pole pairs and ߮ is the permanent magnet flux. Dividing equations (2) and (3) respectively by ܴ݅ ௗ and ܴ݅ , the equations below are obtained;
Considering two PMM, since the phenomena are similar, the parameters can be related by scale factors (m) as below:
The same is applied to ‫,ܮ‬ ‫,‬ ߮ , ‫ݒ‬ ௗ , ‫ݒ‬ , ݅ ௗ and ݅ . By substituting (7) into (5) and (6) , the equations below are obtained:
The same is applied for q axis equation. Since equations (5) and (6) are homogeneous, from equations (8), it can be found that the scale factors are related as below:
Replacing the scale factors by the ratios of corresponding parameters, the relation below is obtained:
In the notation for general similarity criteria: Table I shows the specifications of the PMM used on the emulator rig (AEGART [12] ) and a typical 500 kW PMM. The dependent values must be taken at corresponding moments of time. In the present case, those moments of time are in a way that: ‫ݐ‬ ଵ = 1.4 ‫ݐ‬ ଶ (12) Which means 50 kW machine is 15 times faster than 500 kW machine. If machine independent parameters are assumed not to change by time, then the relations below between two machines are obtained:
V. ENGINE MODEL
The Inter Component Volume (ICV) method has been implemented in the MATLAB/SIMULINK environment to develop a modulated multi-spool turbofan model in [13] which has been verified in [14] . A bump-less override control structure has also been implemented for the turbofan with limit controllers for overtemperature, surge and bleeding pressure for the Environmental Control System (ECS). Shaft dynamics for the real system can be expressed as below: The real-time outputs of shaft dynamic modules after solving equations (14) and (15) are the HP shaft speed, ߱ ு , and the LP shaft speed, ߱ , which, after scaling, are the speed references for the drives on the emulator rig.
VI. REAL-TIME EMULATION
As discussed in section IV, the electrical machines are scaled down from 500 kW to 50 kW as shown in Fig. 6 . 
where X is the states' vector, U is the model input and Y is the model output and A, B, C and D are state dependent matrixes.
For the other similar process system with inputs, ܷ ଶ , since the processes are similar, (17) into (16), the state space equation in real time will be:
As stated before, the engine model is preferred not to be scaled, for which: ݉ = ݉ = ݉ = 1 (19) while the states corresponding to shaft speeds will be scaled separately with scale factor, ‫ܯ‬ ே and the torque inputs to the engine will be scaled with the scale factor, ‫ܯ‬ ் , to match real engine performance. As a result the state space equations will be scaled only in time as below: 
VII. SIMULATION RESULTS
This section presents the performance plots of key dynamic and steady-state tests such as engine acceleration and deceleration and power offtake form engine shafts by generators. Thermodynamic maps from GASTURB have been used to model a two-spool high bypass ratio (BPR=8) unmixed flow 140 kN turbofan. IM and PMM have been modeled in dq frame with a functional model for their convertors, while a switching model in PLECS has been implemented for the SRM in Simulink environment.
A. Power off-take emulation
For the existing EPS architectures with the starter/generator connected to the HP shaft, the amount of power off-take for a 140 kN turbofan is around 50 kW. Basically, AEGART has been designed to be mounted on the HP shaft of an aircraft engine HP shaft with approximately the same thrust rate as a starter/generator with the gear ratio of 1.
In order to study the performance of AEGART on the engine for which it is designed, the HP emulator rig can be used while ݉ ௧ = 1. Fig. 8 shows the speed tracking performance in which induction machine resembles the behavior of the engine shaft for the coupled PMM for a 40 % drop in throttle (at t=5s) and then a rise at (t=15s). Fig. 9 shows the IM torque, as a fraction of the rated torque, applied to emulator shaft in order to resemble the engine speed reference. Fig. 10 shows that PMM q-axis current controller keeping the DC bus voltage at 270 volts during extracting power from HP shaft for the steps of 10 and 20 kW (shown in Fig. 11 ).
The power off-take shown in Fig. 10 is simulated during descent phase of the flight at 30000ft for which the speed tracking of the emulator is shown on Fig. 12 . As it can be observed Speed tracking error during power off-take is less than 0.1 %. While at low speed settings such as ground and flight idle settings, transferring power from LP to HP is favorable in terms of fuel saving shown in Fig. 14 and Fig. 15 for ground and flight idle respectively. For the studied engine, 400 kW power transfer will decrease the amount of fuel consumption by 33% and 42% for ground and flight idle settings respectively. Transferring power from the LP to the HP shaft increases the HPC speed. In this case, HPC can swallow more airflow, which leads to increased surge margin of compressors. In addition the minimum possible idle speed of the engine can be decreased where as a result the excessive thrust at ground idle can be cut down which prevents wearing of the aircraft Wheel brakes. Details regarding compressor surge margins and thrust management are presented in [2] . 
C. Power transfer emulation
As discussed in section IV, the 500 kW PM and SR machines are scaled down from 50 kW ones. In order to emulate the idea of power exchange, the SRM will be in motor mode and PMM will be in generation mode, while the speed of both machines is controlled by the induction machines. Vector control scheme is implemented in order to control the speed of induction machines with bandwidth of 50 Hz. PMM controls the voltage of DC link which is 270V according to standard MIL-STD-704F with bandwidth of 100 Hz. For the SRM, a torque control loop determines the amount of torque transfer from the LP to the HP shaft. Table II shows the design speed of engine and electrical machine shafts. Accordingly, table III , from the emulator to the engine for the HP and LP shafts. Considering the amount of power scale from 500 kW to 50 kW;
by using the speed and power data from Table II The time scale between the 500 kW machines and 50 kW machines is also ݉ ௧ = 1.4. The simulation block for the gear ratio and scale factors for speed and torque between the engine and the emulator rigs is shown in Fig. 16 . A communication delay between the RCP and the emulator drive system has also been considered in the model. The results depicted in Fig. 17 and Fig. 18 are the speed tracking performance of the emulator under rapid acceleration and deceleration of the engine between 50 % and 100 % of throttle. 
VIII.CONCLUSION
This paper has introduced an emulator for a turbofan engine which has been designed for use with a future integrated power centre. The emulator system will allow proving the benefits from the implementation of power exchange between the engine shafts. Simulation results of the whole emulation system in MATLAB/SIMULINK environment show that the emulator closely mimics the overall electrical energy generation system under various operating conditions without the need to operate the real engine.
For future work, the engine emulator will be used in conjunction with a programmed aircraft EPS to investigate the engine interactions and control of electric power system, energy storage integration and optimized operation depending on Engine Operating Mode.
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